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ABSTRACT. We present ab initio studies of structures, energetics, and diffusion properties of Mg in Si, 
Ge, and Sn diamond structures to evaluate their potential as insertion type anode materials for Mg 
batteries. We show that Si could provide the highest specific capacities (3817 mAh g-1) and the lowest 
average insertion voltage (~0.15 eV vs. Mg) for Mg storage. Nevertheless, due to its significant percent 
lattice expansion (~216%) and slow Mg diffusion, Sn and Ge are more attractive; both anodes have lower 
lattice expansions (~120 % and ~178 %, respectively) and  diffusion barriers (~0.50 and ~0.70 eV, 
respectively, for single-Mg diffusion) than Si. We show that Mg-Mg interactions at different stages of 
charging can decrease significantly the diffusion barrier compared to the single atom diffusion, by up to 
0.55 eV. 
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1. Introduction  
Increased needs in energy storage and limited access to Li resources lead to a shift of interest to non-Li 
ion batteries. Metals such as Na [1-3], Mg [4, 5], Al [6] are attractive for energy storage applications 
because of their low cost and availability. While Na batteries are attractive and in fact used [1] for bulk 
storage, they are not very suitable for applications where high energy density is required, such as all-
electric vehicles and portable electronics, due to the low rate capability and specific capacity of Na 
storage electrodes [2, 3]. The research into the potential of batteries using other metals such as Ca [7] or 
Al [6] is still in its infancy. Mg batteries, on the other hand, are currently emerging as a viable next 
generation rechargeable battery technology, so much so that commercialization is believed to be 
achievable with several companies working on it [4, 5, 8]. The key advantages of Mg include: (i) it results 
in the storage of up to 2 electrons per Mg atom vs. one for Li and Na, resulting in a higher theoretical 
volumetric energy density and a specific capacity comparable to those of Li in spite of being heavier than 
both Li and Na; (ii) metallic Mg is cheaper than metallic Li; (iii) the atomic radius of Mg is smaller than 
that of Na and is comparable to Li. A smaller size is expected to result in higher diffusion rates and 
therefore a better battery rate capability, and (iv) Mg does not have a severe dendrite formation problem 
that plagues metallic Li and Na [9, 10]. In fact, most works on Mg batteries [8, 11, 12] used metallic Mg 
anodes and focused on the development of cathode materials. The cycling ability of Mg batteries, 
however, remained poor. This has in particular to do with reactions of the anode with electrolyte species 
resulting in the formation of a blocking layer [8]. Electrode-electrolyte interactions also limit the 
achievable battery voltage. High voltage Mg batteries can be developed if the metallic anode is replaced 
with an insertion anode [4, 5]. Simply put, the success of Mg batteries may depend on successful design 
of Mg anodes. Insertion type anode materials have been extensively researched for Li batteries. 
Specifically, group IV elements (Ge, Si, and Sn) have been shown to result in very high Li specific 
capacities (up to 4400 mAh g-1 (Si)). The possibilities of insertion anodes in Mg batteries are still largely 
unstudied. There have been recent and encouraging experimentations with insertion anodes. Singh et al. 
[4, 5] have reported investigations Mg batteries with Sb, Sn, and Bi anodes. Theoretical studies of Mg 
insertion anodes are, however, lacking but are critical to guide the design of new electrode materials. The 
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performance of the anode material is heavily dependent on the type of metal atom: qualitative differences 
in insertion structures and in voltage profiles have been reported [13]. Differences in diffusion properties 
can potentially result in drastic differences in battery rate capabilities for different metal ions. In this 
study, we analyze the potential of Ge, Si, and Sn for bulk storage and the high energy density 
applications. Based on density functional theory (DFT) calculations (see Supporting Information), we 
study structures, energetics, and diffusion properties of Mg in Si, Ge, and Sn, including the effects on the 
diffusion barrier of Mg-Mg interactions and of high anode charge states – alloys XMg2, where X= Ge, Si, 
and Sn. Although β-X structures can be more stable under some conditions, here, we focus on diamond 
like structures (α-X) as potential anode materials.  
 
2. Results and discussion 
It has been reported that at high dopant concentrations, Mg interacts with X forming XMg2 (Fm3m 
space group) structures and that for a wide range of Mg concentrations, X coexists with XMg2 structures 
[14]. Among the considered materials, Si can provide the highest specific capacity (see Table 1). For 
instance, the theoretical specific capacity for Si is 2906 mAh g-1 and 565 mAh g-1 larger than those of Sn 
and Ge, respectively. Taking into account that Li and Mg have one and two valence electrons, 
respectively, and using the methodology proposed by Ceder et al. [15], the average insertion voltage (V) 
vs. metallic Mg for the prospective anode materials is predicted using Eq.1: 
e
MgEXEXMgEV
4
)(2)()( 2 −−−= , (1) 
where E  is the total energy of the  reference state (see Table S1) as calculated using DFT, e  is the 
absolute value of the electron charge. The lowest average voltage (0.151 V) is found for SiMg2 (see Table 
1), while for GeMg2, the largest voltage (0.241 V) is predicted. Although both the specific capacity and 
the average insertion voltage are important for the performance of metal ion batteries, insertion type 
anode can also have a significant expansion during charging/discharging process. Anode materials having 
low average insertion voltages and high specific capacities but huge lattice expansions may not be 
appropriate for specific battery applications. This is because a significant anode deformation changes its 
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mechanical stability [16] and consequently can adversely affect the battery’s cyclability. This problem is 
well known for the Si anode in Li batteries and its resolution required transition to nanostructure materials 
[17], which also results in capacities much lower than theoretical [18-20] as well as in an increased cost. 
Therefore, starting with a material having a smaller expansion as well as a high capacity and suitable 
voltages would clearly be advantageous. 
To evaluate prospective anode materials, Obrovac et al. [13] predicted not only voltages and specific 
capacities but also volumetric energy densities (Wh/cc) and the extent of the materials’ expansions. Using 
the same methodology, the volumetric energy density ( fU
~ ) of a charged negative electrode alloy material 
can be calculated according to Eq. 2: 








+
=
f
favg
f v
FV
U
ξ
ξ
1
~  , (2) 
where F is Faraday’s constant (26.802 Ah mol-1); fξ  is  the final percent volume expansion (in fully 
charged anode material); Vavg is the average voltage of the alloy vs. a cathode; v  is the volume occupied 
by Mg. Since in the recent studies, volumetric energy densities were predicted vs. a 3.75 V cathode, we 
also used that value for the reference state of cathode. Predicted volumetric energy densities show much 
smaller differences between the three anode materials than differences of specific capacities and average 
voltages. Si can provide the largest volumetric energy density (9.929 Wh cc-1) at ~216% volume 
expansion; while Ge can provide 9.487 Wh cc-1 at ~178%, as shown in Fig. 1. Figure 1 has practical 
significance for the design of anodes. For example, suppose we are able to design an X-based anode that 
withstands a 100% volume expansion, then the volumetric energy density can be predicted according to 
the figure. In this light, it is important to consider volumetric energy densities for the prospective anode 
materials at the same volume expansion. For a 100% volume expansion, Sn and Ge can provide almost 
the same volumetric energy densities (7.413 Wh cc-1 and 7.382 Wh cc-1, respectively) which are ~0.152 
Wh cc-1 larger than that for Si (7.231 Wh cc-1). It should be noted that recently Obrovac et al. [21] 
predicted volumetric energy densities for β-Sn. They found that Si has the volumetric energy density 
larger by ~1.377 Wh cc-1 compared to that of β-Sn. The difference between our and that prediction is 
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explained by a different Mg volume occupied in α-Sn (6.42 mL mol-1 charge-1) and β-Sn (7.57 mL mol-1 
charge-1) [21]. Taking into account that α-Sn/β-Sn phase transition takes place at ~287 K and can be 
changed by doping [22], environmental conditions [23, 24] etc., it becomes clear that the use of stabilized 
α-Sn can provide a much better performance compared to that of β-Sn.  
Taking into account that all three materials can take up to 2 Mg atoms per host atom, for a realistic 
comparison of rate capabilities of different anode materials, it is also critical to investigate the diffusion 
behavior of Mg atoms at different concentration. For low concentrations, predicted defect formation 
energies (see Table S2) suggest that Mg atoms in all three prospective anode materials act as interstitial 
defects occupying tetragonal (T) sites (see Fig. 2(a)). This is similar to the behavior of Li [25] and Na 
[26] atoms in the Si matrix. Addition of a second Mg atom leads to the Mg-Mg interaction changing the 
stability of Mg defects. Predicted formation energies of Mg-Mg defects suggest that Mg atoms do not 
tend to cluster (see Fig. 3). At low dopant concentrations, the insertion process is associated with 
migration of Mg atoms from one T site to another. Our calculations suggest that for all considered 
structures, the Mg atom migrates between two T sites via a hexagonal (Hex) site (see Fig. 2(b)). Despite 
this similarity, Mg diffusion barriers are very different for the three systems (see Fig. 4(a)). The lowest 
Mg migration barrier (0.497 eV) is predicted for Sn and it is 0.503 eV smaller than that for Si. This 
observation suggests that the initial stage of Mg insertion is significantly faster for Sn compared to the 
other materials. As a second Mg atom comes into the matrix, Mg-Mg interactions change Mg diffusion 
behavior. Specifically, when two Mg atoms are close to each other, the predicted migration barriers are 
smaller compared to those for single Mg atoms (see Fig. 4(b)). This is caused by both a local expansion of 
the matrix and a destabilizing effect of Mg-Mg interactions (see Fig. 3). Indeed, a local expansion caused 
by deformation or additional atoms can reduce the migration barrier [26]. Hence, Mg-Mg interaction can 
increase Mg diffusivity for some range of doping concentrations. Nevertheless, due to a large energy cost 
of clustering, it is expected to be less likely compared to both Li and Na [26] at the concentrations 
considered here.  
The increase of Mg concentration eventually leads to the formation of bulk XMg2 structures or 
coexistence of XMg2 and X structures. The diffusion behavior of Mg atoms can then be described as 
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diffusion in defected bulk XMg2 structures. Ionic conductivity of such compound strongly depends on Mg 
vacancy concentration. In the simplest case, for an almost fully charged anode, it can be analyzed as the 
diffusion of a lone Mg vacancy (Mg atom) between two tetragonal positions (see Fig. S1) in XMg2 
structures. This still provides a general understanding of diffusion properties in prospective anode 
materials at high states of charge. For systems with a single Mg vacancy in an XMg2 structure, three 
different migration pathways exist (see Fig. 5). Similar to investigations of oxygen diffusion in cubic 
zirconia [27] and ceria [28], we find that the lowest migration barrier corresponds to Mg migration along 
the [100] direction. For other migration pathways, cation-cation interactions significantly increase (by 
more than 0.5 eV) the migration barriers (see Tab. 2). Mg diffusion in XMg2 structures can thus be 
described as motion of a Mg atom between two nearest Mg sites and the contributions from other 
pathways can be ignored. These results suggest that for the XMg2 with the same concentrations of Mg 
vacancies, Ge based materials should have the highest ionic conductivity among the considered XMg2 
structures.  
Since the charging/discharging rate is more important than the volumetric energy density for bulk 
storage applications [29], the trend in diffusion barriers among the 3 materials at different Mg 
concentrations computed here is of practical significance for electrode design. For instance, the low ionic 
conductivity of Si suggests that its use as an anode material for bulk storage Mg-ion batteries is 
questionable. It is also expected that due to the possible existence of inhomogeneous structures during 
metal insertion and high Mg diffusion barriers in Mg-poor structures, it may be difficult to achieve the 
maximum theoretic volumetric energy density for Si based materials. In contrast, both Ge and Sn, having 
low Mg diffusion barriers (comparable with migration barrier of Li atoms in Si (0.61 eV) [26]) for a range 
of dopant concentrations, are attractive anode materials for both high volumetric energy density and bulk 
storage applications.  
 
Conclusions  
In summary, based on DFT calculations, we have investigated the potential of α-X (X=Ge, Si, and Sn) 
systems as anode materials for Mg batteries. We find that all considered materials can provide 
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comparable capacities and larger volumetric energy densities compared to those for Li batteries. The 
results show that Sn could provide the largest volumetric energy density (7.413 Wh cc-1) at a 100% 
volume expansion and the lowest migration barrier for the diffusion of a single Mg atom (0.497 eV). 
Hence, using stabilized diamond Sn can provide the best performance among the considered materials. A 
slightly weaker performance can be observed for the Ge anode, which can provide a comparable 
volumetric energy density (7.382 Wh cc-1) and slightly larger migration barriers for low dopant 
concentrations. Hence, Ge and Sn based materials can be attractive anode materials for both high 
volumetric energy density and bulk storage applications. As the concentration of Mg atoms increases, 
Mg-Mg interactions are expected to drive down the diffusion barrier by as much as 0.38 eV, a similar 
effect to that predicted by us for Li and Na diffusion in Si [26]. The barrier in the XMg2 phase is also 
much lower than that at the beginning of the charging process. Therefore, while most theoretical studies 
of diffusion in battery electrode materials were done for a single dopant atom or ion [30, 31], we clearly 
demonstrate that the inclusion of metal-metal interactions is required for a realistic computational analysis 
of electrode materials. 
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Figure Captions 
Figure 1. Volumetric energy density for Mg-X alloys as a function of volume expansion. 
Figure 2. Tetragonal (a) and hexagonal (b) insertion sites in Ge, Si, and Sn (=X). Orange – Mg atoms, 
blue – X atoms. 
Figure 3. Formation energies of Mg-Mg defects as functions of Mg-Mg distance in Ge (a), Si (b), and Sn 
(c). 
Figure 4. (a) Migration barriers for diffusion of Mg atom between two tetragonal sites of Ge, Si, and Sn. 
(b) The migration barriers of Mg in bulk Ge, Si, and Sn vs. Mg-Mg distance in the bulk materials. 
Figure 5. Possible migration pathways for a Mg (vacancy) atom in XMg2 structures (X=Ge, Si, Sn). Red, 
green, and grey colors represent [100], [110], and [110] directions for vacancy migrations. Orange – Mg 
atoms, grey – Mg vacancy, blue – X atoms 
 
TABLES  
 
Table 1 Specific capacity (mAh g-1), percent volume expansion (%) at full state of charge, and voltage 
(V) for GeMg2, SiMg2, and SnMg2 
Element Specific capacity Volume Expansion  Voltage  
Ge 1476 178 0.241 
Si 3817 216 0.151 
Sn 911 120 0.184 
 
Table 2 Migration barriers (in eV) of single Mg vacancy in XMg2 structures  
 [100] [110] [111] 
GeMg2 0.419 1.378 1.418 
SiMg2 0.444 1.438 1.475 
SnMg2 0.497 0.948 0.955 
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